Introduction {#S1}
============

One typical characteristic of glaciers and ice sheets is the occurrence of cryoconite holes (CHs). These small water bodies form when dark organic and inorganic debris attach to ice surfaces and consequently decrease the albedo locally ([@B6]). Solar irradiation promotes melting of the matter into deeper ice layers until the rates of downward movement and surface ice ablation enter a steady state equilibrium ([@B34]; [@B40]). The basins are filled with sediments in the bottom and liquid water on the top ([@B80]).

In the late 19th century, A. E. Nordenskiöld recognized the ecological importance of these miniature lakes on the Greenland ice sheet ([@B50]). About one hundred years later, CH research was pioneered in Antarctica by [@B95] however, despite the gained knowledge and recent technological advances, they remain a "dark biological secret of the cryosphere" ([@B23]).

CHs are currently perceived as microbial hotspots ([@B26]; [@B92]) because their biodiversity and productivity are much higher than in other supraglacial zones ([@B6]; [@B23]). The presence of viruses, bacteria, micro-algae, fungi, protozoa, and sometimes metazoans indicate that CHs are simple trophic systems ([@B63]; [@B62]; [@B69]; [@B39]; [@B79]). Primary producers such as cyanobacteria fix inorganic carbon via photosynthesis and provide nutrients for the heterotrophic fraction of the community ([@B63]; [@B59]; [@B11]). Production and respiration rates are mainly controlled by light availability and temperature regime and hence changes seasonally ([@B11]). During austral summer, primary production can exceed respiration and liquid water may persist for up to 10 weeks in Antarctic CHs. This effect may be reversed during the dark season ([@B33]; [@B9]).

Biological processes within CHs play an important role in both local and downstream environments ([@B8]). For example the build-up of dark organic matter (OM) within CHs enhances local supraglacial melt rates ([@B80]) and hence increases the water availability within CHs. Further, in comparison to hydrologically connected CHs, isolated ones promote recycling and production of nutrients and hence support downstream ecosystems once being re-connected to a hydrological system ([@B9]; [@B74]). Such a nutrient flush can be caused by a warming event as recorded in the McMurdo Dry Valleys (MDVs) that led to a temporarily increased primary production in Lake Fryxell ([@B10]). Further, CH bacterial communities from the Anuchin Glacier damming the perennially ice-covered Lake Untersee (East-Antarctica) were identified as important microbial source inoculum for benthic microbial communities that occur in the lake ([@B93]). However, the question is still open how relevant those supraglacial communities are for the local carbon production. Antarctic productivity within CHs is generally extremely low and is hampered by harsh conditions ([@B30]).

Compared to CHs from other regions such as the Alps or the High Arctic, where the limiting factor of a permanent ice cover of CHs is mostly missing, those in Antarctica often form perennial ice-lids and therefore attenuate most of the incoming photosynthetically active irradiation (PAR) before reaching the bottom of the CHs ([@B33]). Also, Antarctic conditions such as low temperatures and strong katabatic winds reduce the occurrence of surface waters and therefore may increase the longevity of Antarctic CHs compared to their counterparts from other glaciated regions which may be flushed more frequently ([@B39]) as a result of melt. Measurements of excess Cl^--^ in ice-lidded CHs from the Canada glacier suggest these habitats persist for up to 5 years ([@B9]). In contrast, the first reported Antarctic radiocarbon data from CHs indicate that they may occur in isolation for even thousands of years ([@B53]) and could provide long-term refugia for unfavorable conditions which were found during snowball earth ([@B86]). Isolation also prevents further inoculation by bioaerosols once the lid is formed. Although being separated from the atmosphere, microbial communities in spatially close CHs are more similar to each other compared to those that are separated at a larger scale ([@B24]), indicating that local sources lead to the formation of CHs and hence should be considered as an important aspect in the colonization of CHs ([@B91]).

In contrast to Alpine and Arctic regions the number of Antarctic CH studies is low and mostly limited to glaciers around the MDVs (e.g., [@B22]; [@B33], [@B32]; [@B69]; [@B31]; [@B9], [@B11]; [@B30]; [@B82]; [@B91]; [@B54]) with some geographical exceptions (e.g., [@B19]; [@B40]; [@B65]; [@B98]). Hence, compared to the "prime study sites" such as the MDVs, little is known about the microbial ecology in CHs from e.g., Queen Maud Land (East-Antarctica). There, only a handful of studies were conducted (e.g., [@B65]; [@B74]; [@B53]; [@B93]) although this pristine area exceeds the size of Greenland and hence is under-represented on a geographical scale. One of the main study areas in Queen Maud Land is Lake Untersee with the adjacent Anuchin glacier from which microbial diversity and various inoculation vectors have been investigated, however, there is no information about activity within their ice-sealed environments.

For the past 10 years, the Anuchin Glacier in the Lake Untersee Oasis has been serving as a model habitat for these environments to shed light on microbial and biogeochemical processes outside the core location near McMurdo. CHs from glaciers have been identified as important source inoculum for the adjacent perennially ice-covered lakes as it has been shown for Anuchin Glacier and its role for Lake Untersee ([@B93]). Very little is known about the minerogenic composition and its role as nutrient source for microbial communities, or how active microbial communities can be under the peculiarity of permanently ice-covered CHs. Which role can we attribute bacteria in terms of carbon producers? In this study we further characterized these CHs by determining its archaeal and bacterial diversity and defined a core microbiome. Further, we explored local temperature variations within the ice matrix as proxy for cryoconite temperature conditions. We hypothesized (1) that the CH minerogenic composition differed between the medial moraine and those from other zones, and (2) that the CH community composition, OM content and productivity are mirrored by the depth of the CH due to possible accumulation.

Study Site {#S2}
==========

The north-south orientated Anuchin Glacier is located in the Gruber Mountains (71.348°S, 13.517°E, [Figure 1](#F1){ref-type="fig"}) and formed after the last glacial maximum ([@B77]). It extends over an area of ∼34 km^2^ (length ∼8 km, width 4.2 ± 1.2 km). A geodetic survey ([@B88]) and interferometric synthetic-aperture measurements ([@B73]) indicate that the glacier surface speed is ∼9 m a^--1^. A similar flow speed (8.4 m a^--1^) was recently reported by [@B27]. The elevation difference between 8 km up-glacier and the glacier terminus is 218 m, corresponding to an average slope angle of 1.56° along the medial moraine (REMA dataset, [@B41]). The Anuchin Glacier dams the perennially ice-covered Lake Untersee at its northern end which is known for its modern, large conical stromatolites and its anoxic sub-basin with exceptional high methane production rates ([@B89]; [@B4]). Supraglacial melt does not provide water for recharge but subaqueous glacier melt contributes 40--45% to the annual lake water budget which is likely complemented by subglacial inputs ([@B27]). Lake Untersee has no outlet and hence water loss occurs by ablation of the ice cover ([@B38]). Here, the dominating ablation process is sublimation as a result of low summer temperatures and strong katabatic winds, reaching up to 40--75 cm a^--1^ ([@B3]; [@B27]). Similar ablation rates (50--60 cm a^--1^) were measured at the lower part of the Anuchin Glacier ([@B89]). However, rates within the blue ice zone between the nearby Schirmacher and Untersee Oasis are significantly lower (5--15 cm a^--1^, [@B75]), indicating that local meteorological conditions within the oasis promote ablation.

![Map of the study site. The insert map indicates the position of the study site in context with the Schirmacher Oasis. Lake Untersee (610 m a.s.l.) and Lake Obersee (805 m a.s.l.) are partly connected by the Anuchin Glacier. The position of the sampling sites for CHs (zone "medial moraine": AMH, AML, zone "glacier terminus": ANR, WIP) are indicated in the map. The green star shows the location of a meteorological station and the yellow ellipse depicts the position of the campsite during the expedition. The dashed line along the glacier indicates the position of the medial moraine. The flow directions of the Anuchin Glacier and the "Obersee Glacier" are indicated by dashed arrows. The image was captured by the Landsat 8 satellite on 09 MARCH 2019 (download via Earth Explorer by United States Geographical Survey). The true color image (4-3-2 RGB, 30 m px^--\ 1^) was combined with the high-resolution band 8 (grayscale, 15 m px^--1^).](fmicb-11-01165-g001){#F1}

Materials and Methods {#S3}
=====================

Sampling {#S3.SS1}
--------

During November and December 2015 fourteen CHs were collected across the Anuchin Glacier. Four sites were grouped into two zones, namely "medial moraine" and "glacier terminus" ([Figure 2A](#F2){ref-type="fig"}). The first zone "glacier terminus" ([Figure 2B](#F2){ref-type="fig"}) included a site north of an ice ridge that separated the glacier ice from the lake ice (Anuchin North of Ridge, ANR) and the white ice patch that appears to be glacial ice embedded in the lake ice cover of Lake Untersee (White Ice Patch, WIP). The second zone was located further up-glacier along the medial moraine (Anuchin Moraine High, AMH) and at the lower part of the medial moraine (Anuchin Moraine Low, AML). At least 3 CHs were collected at each site. Representative medial moraine sites and a typical CH are shown in [Figures 2C,D](#F2){ref-type="fig"}, respectively.

![**(A)** Aerial image of Lake Untersee and the lower part of the Anuchin Glacier (Bundesamt für Kartographie und Geodäsie, Frankfurt am Main, Germany). The medial moraine is indicated by a dashed blue line. The glacier-lake interface is indicated by a gray dashed line. **(B)** Aerial overview of the zone "glacier terminus." **(C)** Level and contrast enhanced aerial image showing a representative site along the medial moraine. **(D)** Typical morphology of an ice-lidded cryoconite hole from the Anuchin Glacier. Note that the orientations in [Figures 2A--C](#F2){ref-type="fig"} differ from each other.](fmicb-11-01165-g002){#F2}

Depending on the depth of the CHs, samples were either collected with an ethanol-rinsed Kovacs ice corer (Mark III, 7.25 cm diameter) in combination with a Boschhammer GBH 36V-LI PLUS electrical drill or with a sterile spatula after removal of surface ice using a sterilized ice ax or chisel. For each hole, GPS location, diameter and depth were recorded. All samples were stored in sterile polyethylene bags and kept frozen until the end of the expedition and then shipped via Cape Town to the University of Innsbruck and subsequently stored at −20°C until further use.

Temperature Depth Profile Time Series {#S3.SS2}
-------------------------------------

To study differences in the temperature regime of CHs, three sites that represented the medial moraine (AML/AMH), ANR and WIP were chosen. In contrast to ice at the medial moraine that was dark-colored and interspersed with particulates ([Figure 2C](#F2){ref-type="fig"}), ice at the site ANR appeared white and macroscopically free of particles. Despite being embedded within the ice cover of Lake Untersee, the site WIP appeared like ice from the site ANR.

At each site, a 1 m deep hole was drilled and three Tidbit temperature loggers (accuracy ± 0.21°C from 0 to 50°C) were attached to a line and then placed into the hole at an initial depth of 1 m, 0.5 m and just below the surface (referred to as 0 m), respectively. The holes were re-filled with small pieces of ice once the loggers were put in place. Sensor readings were logged with an interval of 15 min and covered a period of 11 days (28.11.2015 -- 08.12.2015. To ensure that the temperature loggers being used did not inadvertently skew the *in situ* cryoconite readings, the albedo was compared between the loggers and other CHs with a custom-built device utilizing an Ibsen OEM FHT-315 spectrometer. Milled samples were illuminated with a white LED and a tungsten filament and spectral reflectances of cryoconite and temperature loggers were recorded in a range of 470--1100 nm under identical light conditions. To allow a direct comparison, the integration time was adjusted to the brightest measured sample and then left unchanged for all other samples ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). Further, solar radiation, soil temperatures (sensors buried at 0.01, 0.10, 0.22 m) and air temperature records from an automatic weather station operating at the shore of Lake Untersee (location shown in [Figure 1](#F1){ref-type="fig"}) has been used ([@B3]). Descriptive statistics were calculated with the R packages"Psych" ([@B72]) and permutation distribution clustering was performed with the R package "PDC" ([@B17]). Heatmaps were created with the R package ggplot2 ([@B96]).

Particle Size {#S3.SS3}
-------------

The following analyses including sub header 3.5 were done on sediments collected from CHs. Gravimetric particle size distribution was determined by sieving into five fractions (\>400 μm, 100--400 μm, 40--100 μm, 10--40 μm, and \<10 μm). Large fractions were dry sieved, and the two smallest fractions were wet sieved. Next, the samples were dried in pre-weighted containers at 40°C before determining the dry weight. The respective particle size distribution was expressed as the relative mass proportion per sample. The particle size distributions were visualized in a ternary plot using the R package "ggtern" ([@B36]).

X-Ray Diffraction (XRD) and Thermogravimetric Analysis (TGA) {#S3.SS4}
------------------------------------------------------------

Samples for X-ray diffraction and thermogravimetric analysis were dried at 70°C for 48 h and subsequently milled with a Retsch MS 1100 high-speed micromill equipped with an agate-beaker for 3 min.

### Powder X-ray Diffraction (XRD) {#S3.SS4.SSS1}

The mineralogical composition in the homogenous powder was analyzed with a Panalytical Empyrean XRD diffractometer equipped with a monochromator and a 1D Pixel detector. XRD measurements were carried out with Cu Kα radiation operating at 40 kV and 40 mA. Spectra were collected over a 2θ range of 5--70° in 0.013 steps with a scan speed of 0.16° s^--1^ resulting in a total scan time of 7 min. All samples were measured using a standard sample holder except samples having insufficient mass (CRY1, CRY2) were measured using a silicon crystal sample holder. Spectra were analyzed using a Bruker DiffracEVA software by comparing with PDF2 patterns.

### Thermogravimetric Analysis (TGA) {#S3.SS4.SSS2}

The total amount of OM was estimated by thermogravimetric analysis. Between 100 to 150 mg of dried and milled cryoconite sediment samples were loaded into a Netzsch STA 449. Weight loss was recorded continuously while samples were heated at 10 K min^--1^ from 25°C up to 1000°C. Mass loss was calculated for the following temperature intervals: 38--105°C, 105--200°C, 200--350°C, 350--520°C, and 520--1000°C. STGA analysis enabled a differentiation between thermo-labile (200--350°C) and thermo-stable (350--520°C) OM. This classification was also used by [@B78] for Antarctic CHs in the MDVs. The detection limit was set to Δ0.1% which corresponded to Δ10--15 μg OM -- depending on the initial mass load in the thermal analyzer. This threshold was well above the measurement precision of the instrument (0.1 μg).

Total Carbon, Nitrogen, and Phosphorus {#S3.SS5}
--------------------------------------

For total carbon and nitrogen analysis 50 mg of milled samples were transferred into tin capsules and combusted in a Nitrogen and Carbon Analyzer in the NC soils configuration (Flash EA 1112, Thermofisher Scientific). Acetanilide was used for the calibration line. The percentage of carbon and nitrogen was then referred to the sample mass as total C (mg g^--1^) and total N (mg g^--1^).

Total phosphorus was quantified with the molybdate method after [@B87]. Briefly, pre-weighed and pulverized sediments were suspended in deionized water, sulfuric acid and then heated to 160°C for 12 h. Next, the samples were oxidized with hydrogen peroxide, diluted with distilled water and cooled down to room temperature. Then, ascorbic acid (10%) and sodium hydroxide (20%) were added. After neutralizing the samples with Vogler solution, the absorbance features were measured against a H~3~PO~4~ standard (Tritisol, Merck, Darmstadt, Germany) at 885 nm with a U-2001 spectrophotometer (Hitachi, Tokyo, Japan).

Scanning Electron Microscopy (SEM) {#S3.SS6}
----------------------------------

For representative SEM images, 250 μL of dislodged cell-extract ([@B25]) and untreated samples were filtered onto 0.2 μm polycarbonate filters (Osmonics, DK) and dried overnight at 40°C. Samples were sputtered with tungsten and subsequent SEM images were recorded with a Quanta 3D 200 Double Beam SEM microscope (FEI, Eindhoven, Netherlands) using 20,000x magnification and 0.3 mbar at an acceleration voltage of 5.0 kV.

Microbial Abundance {#S3.SS7}
-------------------

Melted cryoconite was subsampled and weighed. Dry weights were calculated from aliquots after water removal at 70°C for 48 h. Next, cells were dislodged according to the protocol of [@B25] which is based on both; chemical (tween 80, pyrophosphate, formaline) and physical (sonic bath, pre-filtration and centrifugation) treatment. Then, 250 μl aliquots from the cell suspensions were diluted with 750 μl MilliQ water, stained with DAPI (4',6-Diamidine-2-phenylindol) at a final concentration of 0.2% v/v ([@B70]) and then filtered onto 0.2 μm polycarbonate filters (Osmonics, DK). Images were recorded with an Axiocam HRc attached to a Carl Zeiss Imager Z1 microscope using a 63x oil lens. For each sample aliquot, 40 randomly selected areas were photographed using a 365 nm excitation source and the filter set EX G 365, BS FT 395, EM BP 445/50. Cells were enumerated with the cell counter plugin within the imaging analysis software Fiji ([@B76]).

Bacterial Activity {#S3.SS8}
------------------

Bacterial activity was estimated by the incorporation of ^3^H-leucine by the micro-centrifuge method ([@B45]). Incubation for all samples took place under simulated *in situ* temperature conditions (0.1°C) in HAAKE water baths. ^3^H-leucine was added with a final concentration of 40 nM to sample triplicates with ca. 1.5 mL of a mixture of sediment and water and two formalin-killed control samples. After 72 h, the incubation was terminated with 90 μL of 100% trichloroacetic acid (TCA). Next, the samples were centrifuged at 16,000 *g* for 10 min and then washed, centrifuged again and the supernatant was aspirated with 5% TCA and 80% EtOH. The final supernatant was aspirated and the remaining sediment weighted for the calculation of bacterial production. The samples were measured in a liquid scintillation counter (Beckman LSC 6000 IC) after adding 1 mL of scintillation cocktail (Beckman Ready Safe).

Microbial Community Composition and Statistics {#S3.SS9}
----------------------------------------------

### Sample Processing and Next Generation Sequence Analysis {#S3.SS9.SSS1}

Cryoconite samples were carefully thawed and DNA was extracted with a PowerSoil DNA isolation kit. The 16S rRNA gene amplicons were generated with Illumina-tagged universal primers F515 and R806 as proposed by the Human Microbiome Project ([@B20]). For Archaea, primers 344f and 915r ([@B46]) in combination with a subsequent nested PCR approach with the primer pair S-D-Arch-0519-a-S-15/S-D-Bact-0785-b-A-18 were used ([@B48]). Next, library preparation and MiSeq sequencing were performed ([@B47]). The R package DADA2 was used to process and filter the raw sequences according to the proposed pipeline ([@B18]) and the taxonomy was assigned to the SILVA database ([@B71]). This procedure resulted in a Ribosomal Sequence Variants table (RSV). A more detailed workflow covering all steps from sample processing to NGS analysis and the use of negative controls is outlined in [@B93] and references therein. Sequence accession numbers are listed in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}.

### Statistical Analysis {#S3.SS9.SSS2}

Based on the RSV table, alpha and beta diversity were calculated using the R package Phyloseq (ver 1.20.0) ([@B57]). To compare the single sites (AML, AMH, ANR, WIP) and the zones (medial moraine, glacier terminus), Shannon, Observed and Inverse Simpson indices were compared. As previously discussed, counts were not rarefied ([@B58]; [@B93]). The data distribution was tested with a Shapiro--Wilk test and depending on the outcome, significant differences were either tested with a Kruskal--Wallis test (for not normally distributed data) or with an Analysis of Variance (ANOVA, for normally distributed data). Dunn's test with Bonferroni correction was used as *post hoc* test. We also tested for significantly different abundant taxa between samples from the medial moraine and outside the medial moraine following the R package DESEQ 2 (v.1.20.0) pipeline ([@B52]). Differences in microbial communities between sites were visualized with a Principal Coordinates Analysis (PCoA, R package Phyloseq). Analysis of similarities (ANOSIM) based on a Bray--Curtis RSV dissimilarity matrix and PERMANOVA were calculated with the R package vegan ([@B66]).

The core microbiome was defined as RSVs that had a larger or equal average relative abundance of 0.1% across all sites (AMH, AML, ANR, WIP) - but not necessarily within all single samples. To put the core microbiome into context with other RSVs, the mean relative abundances across all sites of the core microbiome and RSVs that occurred at less sites with a mean relative abundance ≥0.1% were plotted in a sunburst diagram using the browser-based tool RawGraphs ([@B56]).

For the metadata set, residual diagnostics were performed for all variables. Those that did not meet the criteria for analysis of variance (ANOVA) were log10 transformed and re-tested. ANOVA and Tukey's *post hoc* test were then used to test for significant differences between all four sites (AML, AMH, WIP, ANR). Differences between the zones medial moraine (AML, AMH) and the glacier terminus (ANR, WIP) were compared with Welch's *t*-test.

We used non-parametric statistical tests for log10 transformed variables that did not meet all criteria for the above-mentioned statistical approaches (TC, mineral diversity, Kruskal--Wallis test -- instead of ANOVA or Mann--Whitney test -- instead of Welch's *t*-test). Further, a principal component analysis (PCA) of all variables was computed to explain variations between sites.

Results {#S4}
=======

Mineral Composition and Particle Size {#S4.SS1}
-------------------------------------

In total 13 different minerals were identified ([Figure 3A](#F3){ref-type="fig"}). The mineral diversity differed significantly between zones (Mann--Whitney *U* test, *W* = 5.5, *p*-value = 0.01696) and generally decreased with depth (Pearson correlation, adj. *r*^2^ = 0.36, *p* = 0.001). The average mineral diversity was higher along the medial moraine (AMH: 7.25 ± 1.26, AML: 7.25 ± 2.75) than at the glacier terminus (ANR: 5 ± 0, WIP: 4.67 ± 0.58) and inferred that also the mineral composition differed between samples collected along the medial moraine (AMH, AML) and those from regions closer to Lake Untersee (ANR, WIP). Albite, Anorthite, Biotite, and Quartz were found in all samples except C8 and C9 which lacked Albite. Samples C1 and C2 harbored only four different minerals while C3 contained 10 different minerals. Sanidine, Grossular, Microcline, Sodium Aluminum Silicate, Rutile, Clinochlore, Chamosite, and Laumontite absent at the glacier terminus ([Figure 3A](#F3){ref-type="fig"}).

![**(A)** Site occurrences of minerals based on XRD measurements. **(B)** Ternary plot of particle sizes. Size classes were combined to capture all data within one plot (x ≤ 10 μm + 10 -- 40 μm, *y* = 40 -- 100 μm, *z* = 100 -- 400 μm + \>400 μm). Note that the *z*-axis is scaled with factor 0.1.](fmicb-11-01165-g003){#F3}

Particle sizes were classified into five groups (\>10 μm, 10--40 μm, 40--100 μm, 100--400 μm, \>400 μm) and varied across the sites. CHs along the medial moraine had a slightly higher frequency of small particles compared to those from the glacier terminus ([Figure 3B](#F3){ref-type="fig"}). The particle fraction 40--100 μm differed significantly between ANR-AMH, ANR-AML and WIP-AML \[ANOVA, *F*(3,10) = 7.047, *p* = 0.008, Tukey's *post hoc* test\] and the ratio of combined particle sizes \< 100 μm and \>100 μm increased with CH depth (Pearson correlation, adj. *r*^2^ = 0.37, *p* = 0.012). The complete particle size distribution is shown in [Supplementary Figure 2](#SM1){ref-type="supplementary-material"} and representative SEM images of minerals are depicted in [Supplementary Figure 3](#SM1){ref-type="supplementary-material"}.

Proxy for Cryoconite Hole *in situ* Temperatures {#S4.SS2}
------------------------------------------------

The coldest overall mean CH proxy temperatures across all depths were recorded at the Anuchin Glacier (clean ice: −2.19 ± 4.73°C, medial moraine: −2.02 ± 3.12°C) while WIP was slightly warmer (−1.7 ± 3.14°C). Mean temperatures and temperature fluctuations across all sites decreased with depth (surface: 0.69 ± 5.24°C, middle: −2.51 ± 1.29°C, bottom: −4.09 ± 1.03°C). Further, the strongest temperature decrease with depth was at the clean ice (0.63°C 10 cm^--1^) followed by the medial moraine (0.50°C 10 cm^--1^) and the white ice patch (0.30°C 10 cm^--1^). Further, Pearson correlation coefficients calculated from ambient air temperature (−1.9 ± 2.64°C) and the temperature loggers indicated that temperature dynamics at the medial moraine were more de-coupled from the air temperature (*r*^2^ = 0.64) compared to the WIP (*r*^2^ = 0.68) and clean ice site (*r*^2^ = 0.79). This was confirmed by permutation distribution clustering ([Supplementary Figure 4](#SM1){ref-type="supplementary-material"}) which showed that air temperature and surface ice temperatures at the glacier were more similar than the surface temperature of the white ice patch despite being geographically closer to the automatic weather station that recorded ambient air temperatures 2 m above lake level and soil temperatures at various depths ([@B3]).

The largest temperature difference between the surface and 1 m below the ice was recorded in clear ice (22.34°C). Average soil temperature differences between 0.01, 0.1, and 0.22 m depth were 9.51 and 9.91°C, respectively. Negative temperature differences (i.e., warmer ice at 1 m depth compared to the surface ice) were recorded at all sites except for the soils and the maximum was reached during the night at the WIP site (−3.55°C, [Figure 4](#F4){ref-type="fig"} -- top row). For sites at the glacier, negative differences between ice and air temperatures were observed more frequently at the ice surface while this was more common across all depths at the site WIP ([Figure 4](#F4){ref-type="fig"} -- bottom row).

![**Top row:** Temperature time series of interpolated depth gradient. Temperature loggers were installed at 0, 0.5, and 1.0 m deep in the ice covers, respectively. Temperature probes for the soil time series were buried at 0.01, 0.1, and 0.22 m depth. **Bottom row:** Temperature differences between air temperature and CH/soil.](fmicb-11-01165-g004){#F4}

Physical and Biogeochemical Characteristics {#S4.SS3}
-------------------------------------------

CH depths ranged from 0 to 62 cm and were on average 3.75 times deeper at the glacier terminus than those along the medial moraine \[ANOVA, *F*(3,10) = 130.9, *p* ≤ 0.001\]. The sites within these zones differed by a factor 2.2 for the medial moraine (AML vs. AMH) and by 1.5 for the glacier terminus (ANR vs. WIP) and at least one sample was located every 10 cm across the full depth range ([Figure 5](#F5){ref-type="fig"}). Deeper CH layers also trended toward larger CH diameter (Pearson correlation adj. *r*^2^ = 0.5, *p* = 0.029) and were significantly different between the zones (Welch test: *t* = −2.925, df = 7.0437, *p*-value = 0.02203).

![Selected variables plotted along against depth. Marginal plots indicate the sample distribution for each variable.](fmicb-11-01165-g005){#F5}

Total phosphorus contents in cryoconite were similar across all sites (0.51 -- 0.53 mg g^--1^) and C/N ratios were slightly higher at the glacier terminus than at the medial moraine (8.93 ± 4.39 and 6.37 ± 3.24, respectively). More pronounced differences \[*F*(3,10) = 10.12, *p* = 0.00225\] were observed for total nitrogen that ranged on average per site from 0.07 ± 0.03 mg g^--1^ at AML to 0.23 ± 0.05 mg g^--1^ at WIP. Also, total carbon contents were higher at the glacier terminus (Mann--Whitney *U* test, *W* = 43, *p*-value = 0.01265) and varied between 0.58 ± 0.30 mg g^--1^ at AML and 2.52 ± 1.77 mg g^--1^ at the site WIP ([Figure 6](#F6){ref-type="fig"}).

![Boxplots of selected variables. Note that sample CRY-7 was identified as outlier and hence was excluded from the boxplots and statistical analysis for organic matter.](fmicb-11-01165-g006){#F6}

Bacterial carbon production (BCP) was exceptionally low at all sites and ranged between 1.07^∗^10^--07^ and 1.49^∗^10^--05^ μg C g dw^--1^ h^--1^ (AMH: 1.28^∗^10^--06^ ± 4.80^∗^10^--07^ μg C g dw^--1^ h^--1^, AML: 7.61^∗^10^--07^ ± 9.12^∗^10^--07^ μg C g dw^--1^ h^--1^, ANR: 2.61^∗^10^--07^ ± 1.77^∗^10^--07^ μg C g dw^--1^ h^--1^, WIP: 4.43^∗^10^--07^ ± 0.94^∗^10^--07^ μg C g dw^--1^ h^--1^). CRY2 was not within the interquartile range as the BCP rate was two orders of magnitudes higher than most other samples. BCP generally decreased with depth (Pearson correlation, adj. *r*^2^ = 0.15, *p* = 0.1106) and was not significantly different between sites ([Figure 6](#F6){ref-type="fig"}).

Further, labile \[ANOVA, *F*(3,9) = 5.145, *p* = 0.0241\] and stable OM contents \[ANOVA, *F*(3,9) = 12.1, *p* = 0.00164\] were higher at the glacier terminus and correlated positively with depth (labile OM: adj. *r*^2^ = 0.6, *p* = 0.001, stable OM: adj. *r*^2^ = 0.4, *p* = 0.012). Consequently, total OM (sum of labile and stable OM fractions) showed the same trends ([Supplementary Figure 5](#SM1){ref-type="supplementary-material"}). In contrast, mean cell abundances were in the same order of magnitude at the medial moraine (1.97^∗^10^7^± 1.64 ^∗^10^7^ cells g dw ^--1^) and the glacier terminus (2.25^∗^10^7^± 1.32^∗^10^7^ cells g dw ^--1^) and did not follow any strong pattern along the depth gradient.

Descriptive statistics of all variables are listed in [Table 1](#T1){ref-type="table"} and selected variables plotted along a depth gradient are shown in [Figure 5](#F5){ref-type="fig"}. Further, boxplots from most variables and corresponding statistical analyses are depicted in [Figure 6](#F6){ref-type="fig"}.

###### 

Descriptive statistics of the metadata set (mean ± 1 sd).

                              **Medial moraine**              **Glacier terminus**                                           
  --------------------------- ------------------------------- ------------------------------- ------------------------------ -------------------------------
  Depth (cm)                  18(±2.83)                       7.75(±5.32)                     38.67(±1.15)                   58(±3)
  Diameter (cm)               19.88(±13.44)                   15(±3)                          40(±28.16)                     47.34(±17.79)
  TC (mg g^--1^)              0.8(±0.48)                      0.58(±0.3)                      1.56(±0.17)                    2.52(±1.77)
  TN (mg g^--1^)              0.12(±0.05)                     0.07(±0.03)                     0.22(±0.04)                    0.23(±0.05)
  TP (mg g^--1^)              0.052(±0.001)                   0.053(±0.001)                   0.051(±0)                      0.052(±0.002)
  C/N                         6.97(±2.95)                     8.32(±1.3)                      7.25(±0.43)                    10.67(±6.49)
  Total OM (%)                0.78(±1.32)                     0.1(±0.03)                      0.38(±0.19)                    0.45(±0.05)
  Stable OM (%)               0.06(±0.01)                     0.08(±0.06)                     0.2(±0.02)                     0.23(±0.04)
  Labile OM (%)               0.07(±0.04)                     0.08(±0.06)                     0.17(±0.03)                    0.18(±0.04)
  Mineral diversity           7.25(±1.26)                     6.67(±3.06)                     5(±0)                          4.67(±0.58)
  Cell numbers (g dw^--1^)    5.14\*10^07^(±6.39\*10^07^)     6.65\*10^07^(±6.90\*10^07^)     1.25\*10^08^(±1.10\*10^08^)    6.83\*10^07^(±4.28\*10^07^)
  BCP (μg C dw^--1^ h^--1^)   4.43\*10^−07^(±3.94\*10^−07^)   4.68\*10^−06^(±5.89\*10^−06^)   7.61\*10^−07^(±9.12\*10^07^)   2.61\*10^−07^(±1.77\*10^−07^)

Sample CRY-7 (AMH) was excluded from the organic matter dataset because the mineral laumontite likely interfered with the TGA analysis (see full dataset in

Supplementary Figure 5

).

Next, we performed a PCA to define dissimilarities between sites and variables that accounted for these differences ([Figure 7](#F7){ref-type="fig"}). The first two PCA axes explained 62.2% of the data variability. CHs from the glacier terminus clustered separately and were more similar to each other than those from the medial moraine. The zone glacier terminus was positively correlated with depth, diameter, total nitrogen, and total carbon.

![Principal component analysis of the CH dataset (excluding 16S rRNA amplicon data). Circles and triangles represent samples from the glacier terminus and the medial moraine, respectively. Dashed lines serve as a visual guidance.](fmicb-11-01165-g007){#F7}

Microbial Community Composition {#S4.SS4}
-------------------------------

### Bacteria {#S4.SS4.SSS1}

Amplicon sequencing for bacteria resulted in a total of 271,152 read counts ranging from 3,545 (CRY5) to 27,714 (CRY4) resulting in 559 taxonomic observations within 14 samples. CHs were dominated by Proteobacteria (26.54%, 197 RSVs), Cyanobacteria (25.45%, 25 RSVs), Bacteroidetes (23.49%, 118 RSVs), Actinobacteria (13.38%, 48 RSVs), and Acidobacteria (3.20%, 19 RSVs) which made up 92% of all counts. 12.05 and 1.98% of RSVs could not be assigned to a known genus or phylum, respectively. The two most abundant RSVs that were assigned on genus level belonged to the phylum Cyanobacteria (*Tychonema* 10.04%, *Chamaesiphon* 9.82%). The 100 most abundant bacteria related RSVs are depicted in [Figure 8A](#F8){ref-type="fig"}.

![**(A)** Relative abundance of the 100 most abundant RSVs categorized by their respective phyla. **(B)** Relative abundance of all archaea-related RSVs at family level. The upper two bar charts represent samples from the medial moraine and the lower bar charts depict samples from the glacier terminus.](fmicb-11-01165-g008){#F8}

### Archaea {#S4.SS4.SSS2}

Archaea have been identified with the nested PCR approach in all CHs except in samples (CRY2, CRY10). Within the 12 remaining samples 88,149 read counts allocated to 24 RSVs and 14 of them were affiliated with the order Halobacteriales (89.1% of all counts). Members of Methanomicrobiales accounted for 10.01% of the reads and were affiliated to five RSVs. Combining counts from the remaining five sequences made up less than one percent and belonged to Methanocellales, Methanosarcinales, Thermoplasmatales. One RSV belonging to the genus *Halorubrum* accounted for 65.48% of all archaea specific counts. The relative abundance of all archaeal RSVs at family level is depicted in [Figure 8B](#F8){ref-type="fig"}.

### Alpha Diversity {#S4.SS4.SSS3}

For alpha diversity, the indices "Observed," "InvSimpson" (both residuals normally distributed, Shapiro--Wilk test: "Observed" *p* = 0.3994, "InvSimpson" *p* = 0.5301) and "Shannon" (residuals not normally distributed, Shapiro--Wilk test: *p* = 0.04203) were calculated. An analysis of variance (ANOVA) was used for testing significant differences between sites for the indices "Observed" and "InvSimpson." For the Shannon index, the Kruskal--Wallis test was used. None of the indices indicated significant differences between the sites. This was also true for a comparison between the zones medial moraine (combining AMH and AML) and glacier terminus (combining ANR, WIP, *t*-test for normally distributed residuals of "Observed" and "InvSimpson" indices, Kruskal--Wallis test for "Shannon" index).

On average, 79.07 bacterial RSVs were detected in CHs and compared to samples from the medial moraine (mean 64.63 ± 29.26; AMH: 66.75 ± 33.84, AML: 62.5 ± 24.23) higher numbers were observed at the glacier terminus (mean 98.33 ± 45.63; ANR: 130.67 ± 36.26, WIP: 66 ± 27.58).

For archaea, the same diversity indices as for bacteria were calculated and distribution of residuals was tested for normality with the Shapiro--Wilk test ("Observed" *p* = 0.007758, "InvSimpson" *p* = 0.02033, "Shannon" *p* = 0.07927). Due to the absence of archaea in two samples, statistical comparisons were not attempted between single sites but between all samples from the medial moraine and from the glacier terminus. Neither the Kruskal--Wallis tests for the indices "Observed" and "InvSimpson" nor a *t*-test for index "Shannon" indicated significant differences between the two sites. In comparison with the bacterial RSV counts, the number of observed archaeal RSVs was an order of magnitude lower (4.25 ± 3.44) and the distribution was in the same range for the medial moraine (4 ± 4.28) and samples from the glacier terminus (4.6 ± 1.62). Representative boxplots for bacterial and archaeal alpha diversity are depicted in [Supplementary Figure 6](#SM1){ref-type="supplementary-material"}.

### Beta Diversity {#S4.SS4.SSS4}

To identify whether CH communities differed between sites, we performed an analysis of similarities (ANOSIM) based on a Bray--Curtis RSV dissimilarity matrix. CH communities between the zones medial moraine (combined AML and AMH) and glacier terminus (combined ANR and WIP) were significantly different (*p* = 0.04, 999 permutations) but dissimilarities between all four sites were not significant (*p* = 0.08, 999 permutations). This is corroborated by a Principal Coordinates Analysis (PCoA) depicted in [Figure 9](#F9){ref-type="fig"}. Samples from the glacier terminus were more similar to each other than those along the medial moraine. CHs from the medial moraine formed two clusters that were not attributed to their spatial position at the glacier.

![PCoA plot based on Bray--Curtis distance matrix calculated from the RSV table. Circles and triangles represent samples from the glacier terminus and the medial moraine, respectively. Dashed lines serve as a visual guidance.](fmicb-11-01165-g009){#F9}

To identify key parameters that explain community variances, we performed permutational analysis of variance (PERMANOVA). The variance was mostly explained by depth (20.52%), mineral diversity (12.04%), total OM (10.47%) and the particle distribution in the size range 40--100 μm (7.31%) ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}).

Further we performed a differential abundance analysis to identify RSVs that accounted for compositional differences between the medial moraine and the glacier terminus. These differences were attributed to 26 RSVs belonging to the phyla Actinobacteria (*n* = 3), Armatimonadetes (*n* = 1), Bacteroidetes (*n* = 7), Cyanobacteria (*n* = 2), Planctomycetes (*n* = 2), Proteobacteria (*n* = 10), and Saccharibacteria (*n* = 1). The complete taxonomy of these differentially abundant RSVs are shown in [Supplementary Table 3](#SM1){ref-type="supplementary-material"}.

ANOSIM for archaeal-related RSVs were neither significant for all four sites (*p* = 0.544, 999 permutations) nor for between the zones medial moraine and the glacier terminus (*p* = 0.537, 999 permutations). PERMANOVA and DESEQ2 were not applied to the archaeal dataset due to lower the amount of available data.

At phylum level, changes in relative abundance along a depth gradient indicated that members of Acidobacteria and Actinobacteria occurred more frequently in shallow CHs while Cyanobacteria, Proteobacteria and Bacteroidetes trended toward more similar frequencies with increasing depths ([Figure 10](#F10){ref-type="fig"}).

![Relative abundance of major phyla across a depth gradient. The borders of the colored areas indicate the outermost data points.](fmicb-11-01165-g010){#F10}

### Core Microbiome of Cryoconite Holes {#S4.SS4.SSS5}

The core microbiome of CHs from the Anuchin Glacier was defined as RSVs with an average abundance across all sites ≥ 0.1%. For bacteria, the core microbiome consisted of 30 RSVs that were mainly affiliated with Cyanobacteria (23.30%), Bacteroidetes (9.07%), Actinobacteria (8.61%), Proteobacteria (7.69%), and others (combined 4.32%). The most abundant genera within the bacterial core microbiome were *Tychonema* (9.36%), *Chamaesiphon* (9.09%), RSVs affiliated with a not assigned genus belonging to Microbacteriaceae (6.46%), *Leptolyngbya* (4.86%), and *Polaromonas* (2.55%). From all 24 archaea-related RSVs only four were present across all sites with a relative abundance of ≥0.1%. These sequences belonged to the classes Methanomicrobia (39.88%) and Thermoplasmata (2.43%) and the most abundant RSVs could not be assigned at genus level.

[Supplementary Figure 7](#SM1){ref-type="supplementary-material"} depicts all RSVs for bacteria and archaea exceeding the ≥0.1% threshold according to their occurrence from 1 (i.e., occurrence at only one site) to 4 sites (i.e., core microbiome).

Discussion {#S5}
==========

Mineral Composition Is Linked to Local Windblown Material {#S5.SS1}
---------------------------------------------------------

One aim of this study was to characterize the minerogenic composition of CHs across the Anuchin Glacier that is flanked by anorthite -- norite alterations. We hypothesized that the CH minerogenic composition differed between the medial moraine and CH samples from other zones from the same glacier. Such dissimilarities may be considered as a proxy for differences in microbial community composition across the glacier. We found that particle size classes differed between sites and that minerals occurring at the glacier terminus (Albite, Anorthite, Biotite, Quartz, Magnesiohornblende) were also common in CHs along the medial moraine which were additionally enriched with other minerals (Sanidine, Grossular, Microcline, Sodium Aluminum Silicate, Rutile, Clinochlore, Chamosite, Laumontite). Some of these additional minerals were also identified approx. 15 km north of Lake Untersee at the Otradnaya Nunatak ([@B55]) which is considered as source material of the medial moraine. Similar geochemical compositions between the Nunatak and the medial moraine were also confirmed by [@B16]. Therefore, CHs across the glacier can be classified according to a combination of their minerogenic contents and particle size distribution which is either linked to local and likely wind-blown material within the oasis (low mineral diversity) or to the further distant Otradnaya Nunatak (higher mineral diversity).

Physical Characteristics of CHs Depends on Location {#S5.SS2}
---------------------------------------------------

We established a temperature depth gradient time series to identify differences between sites with clear ice, dark-colored ice from the medial moraine and ice from the white ice patch. The temperature loggers were considered as a proxy for cryoconite *in situ* temperatures as the reflectivity of the loggers and the sediments were in a similar range ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). As expected, dark-colored medial moraine ice was warmer than clear glacier ice and the highest average *in-situ* temperatures were recorded at the WIP site which is likely thermally influenced by Lake Untersee and hence may promote additional melting. Further, the rate of temperature declined with depth but varied between sites. This decline was higher in clear glacier ice than at the medial moraine and may be attributed to the absence of suppressing mineral material which enables the temperature wave unhindered penetration. The smallest differences over depth were found at WIP which therefore may not only enable deeper cryoconite layers but also less daily temperature fluctuations and hence more stable conditions. We found that CH proxy temperatures at least temporarily exceeded ambient air temperatures -- especially between the surface and 0.5 depth. In comparison, CH temperatures at Canada Glacier were permanently higher than the local air temperature ([@B32]; [@B12]). However, the CH depths in these studies did not exceed 50 cm and a direct comparison with this study does not constitute meaningful information because different types of sensors were used and hence thermal inertia between the probes may not be comparable. However, even if considered as a relative measurement, differences between sites, depths and ambient temperature were evident and therefore provide valuable information for future temperature analyses.

Studies from the MDVs ([@B24]) described CH size as "island size" implying that CHs are considered as islands across the supraglacial surface. Here they showed significant relations between size, depth and bacterial diversity. CHs were significantly shallower along the medial moraine (0 -- 22 cm) compared to those at the glacier terminus (38 -- 61 cm). [@B94] predicted that hole-deepening with respect to the ice surface slows down as the energy input required for melting decreases with depth until an equilibrium between surface ablation and hole-deepening rate is reached. Common equilibrium depths are reported between 30 and 50 cm ([@B34]). The hypothesis was supported by field experiments in the MDVs which further showed that CH equilibrium depths were reached by the end of the melt season ([@B32]). The same study also concluded that the magnitude of subsurface melting depended on the optical properties of the overlaying ice. Such differences were also evident at the Anuchin Glacier. For example, the medial moraine contained micro-scale sized particles that visually darkened the ice and hence likely decreased the equilibrium depths by absorbing most solar irradiation before reaching the cryoconite layer. This would also explain the strongest de-coupling effect between *in-situ* proxy temperatures at the medial moraine and ambient air temperatures.

Further, the two sampling sites at the glacier terminus had distinctive depth characteristics. The deepest layers were found at the WIP site, possibly caused by heat transfer from Lake Untersee to the white ice matrix and its embedded CHs. Moreover, ablation rates north of Lake Untersee are lower than within the oasis ([@B75]) and hence may reduce the duration required to reach equilibrium depths. Additionally, satellite based observations showed that surface temperatures generally decrease with increasing distance from the oasis ([Supplementary Figure 8](#SM1){ref-type="supplementary-material"}), suggesting that equilibrium depths may also depend on the spatial location.

In comparison, mean CH depths from five glaciers in Southern Victoria Land covering an altitudinal gradient from 30 to 950 m above sea level were 33--41 cm deep and did not differ significantly between glaciers. However, only CHs with diameter \> 30 cm (and hence deeper CH) were targeted in their study ([@B91]).

[@B33] argued that CH diameters also depended on the initial sediment load that initialized the CH formation. This was observed at several glaciers across the MDVs ([@B69]). We found that CH diameters were different between sites and that diameters increased with the mineral diversity (*p* = 0.056, Adj. *r*^2^ = 0.21) which was considered as an indicator whether the sediment load derived from vicinal windblown material or from the medial moraine and probably from adjacent steep slopes.

Extremely Low Nutrient Levels Do Not Support High Rates of Microbial Activity in Antarctic Cryoconite Holes {#S5.SS3}
-----------------------------------------------------------------------------------------------------------

Landscape position impacts nutrient stoichiometry in the MDVs soils ([@B14]) and such spatial patterns were also observed at the Anuchin Glacier. Total carbon contents were very low and significantly different between the zones and single sites, respectively. Average contents per site ranged from 0.58 to 2.52 mg g^--1^ and were in the same order of magnitude as reported from Canada Glacier in MDVs ([@B82]) but slightly higher than those near Princess Elisabeth station ([@B53]). Also total nitrogen contents differed between sites and average values from each site ranged from 0.07 to 0.23 mg g^--1^ which is comparable with CHs from the nearby Sør Rondane mountains in Dronning Maud Land ([@B53]). However, total nitrogen contents were 2 -- 3 fold higher at the glacier terminus than further up-glacier. Total phosphorus was generally low and did not differ between the sites. [@B91] reports about phosphorous levels in MDV entombed CHs close to detection limits. At Darwin Glacier (Victoria Land) they resulted the same low nutrient concentrations ([@B90]), however, these values derive from meltwater biogeochemistry.

Bacterial carbon production in CHs from the Anuchin Glacier did not significantly differ between sites or zones and was exceptionally low (4.65^∗^10^--03^± 1.33^∗^10^--02^ ng C g^--1^ h^--1^). Thus far, these values represent the lowest BCP rates measured in Antarctic CHs. In comparison, other studies reported BCP rates ranging from 23.4 ng C g^--1^ h^--1^ at Canada, Commonwealth and Taylor Glaciers ([@B8]) to 11.2 ng C g^--1^ h^--1^ in the Patriot Hills. BCP in CH water from the Vestfold Hills was 1.58 ng C g^--1^ h^--1^ ([@B30]). The reason for these low rates is the subject of ongoing studies.

Cell abundances did not show any pattern across the glacier and the depth gradient. Average numbers per site were in the order of 10^7^ cells g dw^--1^. These numbers are comparable with those from a blue ice CH system ([@B40]) and cryoconite from the Patriot Hills ([@B8]). Abundances reported from coastal Antarctica ([@B35]) and the Taylor Valley ([@B30]) were one and two orders of magnitude lower, respectively. Higher counts at the Anuchin Glacier may be explained by the application of an efficient cell-dislodgement protocol ([@B25]). To our knowledge, this protocol has not been used in other Antarctic CH studies yet and hence, the comparison of cell numbers is trustworthy.

Total OM contents in CHs were significantly higher at the glacier terminus (=deeper CHs). This suggests that OM may accumulate over time in deeper CHs, assuming that CHs across the glacier reach similar equilibrium depths. For statistical analysis we identified and consequently removed one outlier (CRY-7) that had a 5.8 times higher OM content as the overall observed mean value and exceeded the interquartile range for this parameter. We partly attribute this exceptional high mass loss to the presence of hydrogen-bonded (opposed to Ca-bonded) water in Laumontite (Ca\[Al~2~Si~4~O~12~\] × 4--4.5 H~2~0) which was only detected in this sample. When heated, the mineral gradually releases structural water from 100 to 750°C ([@B29]). As a consequence, loss on ignition (LOI) measurements in low biomass samples should be accompanied by mineral analyses to correctly interpret suspicious data.

[@B40] did not find significant correlations between BCP and OM contents in CHs and despite the low BCP rates at the Anuchin Glacier, OM fractions were in a comparable range with other studies. For example, CHs collected in the vicinity of Princess Elisabeth station had mean and maximum mass losses of 0.64 and 1.12% when heated up to 1000°C, respectively ([@B53]). We re-calculated our TGA results (38 -- 1000°C) for a direct comparison. The overall mean loss on ignition without outlier sample CRY-7 was in a similar range (mean: 0.48%, max: 1.07%). Therefore, CHs at the next closest study site (∼353 km west of Lake Untersee Oasis) are comparable with respect to their mass-loss properties. OM contents in CHs from a blue ice zone were slightly higher and ranged from 0.78 to 1.99% ([@B40]).

By considering the higher cell number which is possibly due to the more efficient dislocation protocol and the low productivity we assume that the microbial activity of the respective CH communities must be extremely low. Moreover, the exceptional low content of OM would not provide the required sources therefore as well as the extremely restricted availability of liquid water.

Bacterial Phyla -- "The Usual Suspects" Found in Antarctic Cryoconite Holes {#S5.SS4}
---------------------------------------------------------------------------

In total, 92% of all RSV counts belonged to Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, and Acidobacteria which are mirrored elsewhere in Antarctic environments (e.g., [@B22]; [@B91]). However, phyla with the most ribosomal sequence variants were Proteobacteria, Bacteroidetes, Actinobacteria, Planctomycetes, and Cyanobacteria. The presence of multiple sequence variants of the same genera may indicate a certain molecular plasticity in context with environmental conditions ([@B83]).

Proteobacteria had the highest mean relative abundance in all samples (26.54%) and were mainly composed of Betaproteobacteria, Gammaproteobacteria, and Alphaproteobacteria. The most abundant RSV within this phylum was *Silanimonas* sp. which was also found in CHs of the Taylor Glacier in the MDVs ([@B22]; GenBank: AY124351.1: 99.62% similarity). The second most abundant RSV was the Alphaproteobacterium *Sphingomonas* sp. which was found in hypolithic microbial communities of quartz rocks from Miers Valley ([@B44]; GenBank: HQ197614.1, 99.63% similarity) and the ice cover of Lake Vida ([@B60]; GenBank: DQ521492.1, 99.63% similarity). Another abundant RSV was *Polaromonas* sp. (Betaproteobacteria) that is also known from other polar regions and was identified in sediments of Lake Bonney ([@B81], GenBank: JX948739.1, 99.26% similarity).

Cyanobacteria frequently occur in extreme environments and are known as important key members in supraglacial and other cold terrestrial zones ([@B85]; [@B64]; [@B21]). CHs from the Anuchin Glacier were also dominated by them (25,45%). The most abundant cyanobacterial RSVs were also found in soils of the Wright Valley (*Tychonema*: GenBank: KM052830.1; 100% similarity), Antarctic snow ([@B51]; GenBank: JX855325., 99.63% similarity). Filamentous Cyanobacteria play a key role in cryoconite granule formation ([@B42]) and the granule size shapes the microbial community composition ([@B84]). Here, typical cryoconite granule engineers (*Phormidium*, *Chamaesiphon*) were present but the granules were neither observed in other Antarctic regions. This might be due to a substantial lack of continuous flow of melt water along supraglacial surfaces which cause the original particles to roll in the flow where cells are attached on the outer side.

The main classes of Bacteroidetes in CHs were Cytophagia (dominated by *Algoriphagus* sp.) and Sphingobacteria (dominated *Ferruginibacter*). Similar *Algoriphagus* sequences were found in soils of the Antarctic Darwin Mountains ([@B1]; GenBank: KC442505.1, similarity: 98.90%) and *Ferruginibacter* is also known from other glacio-lacustrine Antarctic settings (GenBank: KP012224.1, similarity 99.63%).

Actinobacteria and Acidobacteria made up 16.58% of all counts. The most frequent sequences belonged to *Chryseoglobus* sp. and *Granulicella* sp., respectively. Similar *Chryseoglobus* signatures were found about 353 km west of Lake Untersee Oasis, nearby Utsteinen mountain (GenBank: FR682678.1; similarity: 98.90%). *Granulicella*-like sequences were reported from soils at South Georgia ([@B97]; GenBank: EF221026.1, similarity: 100%).

The overall phyla distribution changed with depth. Compared to shallow CHs the variability of relative abundances decreased in deeper CHs. This observation may be explained in two ways. First, environmental conditions in deeper CHs are more stable. For example, the temperature fluctuations are smaller than at the surface (e.g., [Figure 4](#F4){ref-type="fig"}) because more light is attenuated by the overlaying ice cover ([@B11]). This implies that approaching the CH equilibrium depth also reduces biotic inoculation by melting of surrounding ice and hence shapes more stable microbial communities. Secondly, CH depths are often linked with the isolation age, i.e., being disconnected from the atmosphere by the formation on an ice lid ([@B33]; [@B9]; [@B53]). It is also likely that this isolation age may play a role in the formation of stable microbial communities in CHs.

Compositional differences in archaeal communities are linked with the selection of suitable primers and subsequent amplification steps ([@B68]). In this study, the universal primer approach resulted in 1,588 archaea- related counts and identified Archaea in 57% of the samples. These numbers were significantly improved by the use of archaea-targeting primers 344f and 915r ([@B46]) and subsequent nested PCR approach with the primer S-D-Arch-0519-a-S-15 ([@B48]). Overall, archaea were detected in 85% of the samples. Also, the number of detected RSVs increased from 18 to 24 ribosomal sequence variants.

All archaea-specific sequences in CHs belonged to the classes Halobacteria, Methanomicrobia and Thermoplasmata within the phylum Euryarchaeota. By far the most abundant genus was *Halorubrum* (Halobacteria) that was affiliated to nine ribosomal sequence variants but more than 97% of all counts were attributed to one RSV. The most similar blasted sequence derived from the hypersaline Deep Lake ([@B61]; GenBank:NR_117806.1, similarity: 89,14%). Blast search did not result in more similar sequences for the second and third-most abundant sequences.

To our surprise we found only two other Antarctic CH studies that reported Archaea in their samples. [@B19] compared CHs from polar regions and showed that archaea were only detectable in Antarctic CHs and that most reads were affiliated with Thaumarchaeota and the classes Methanobacteriaceae and Methanomicrobia within the phylum Euryarchaeota. Further, about 4% of all CH samples nearby the East-Antarctic Princess Elisabeth station harbored archaea and were classified as *Nitrososphaera* (Thaumarchaeota) ([@B53]). Hence, this study provided the first evidence of the classes Halobacteria and Thermoplasmata in Antarctic CHs. This low detection rate might also be a result of the missing approach with nested PCR which improves the identification as shown in this study.

The Core Microbiome of Cryoconite Holes -- A Matter of Definition {#S5.SS5}
-----------------------------------------------------------------

In this study, RSVs that were considered as part of the core microbiome had to fulfill two requirements: The mean relative abundance of all samples had to be ≥0.1% and the sequences had to occur at all sites. The first criterium was met by 67 sequences and after applying the second criterium only 30 RSVs remained in the dataset. Compared to the overall dominance of Proteobacteria in terms of relative abundance and RSV numbers, the core microbiome was dominated by Cyanobacteria, followed by Bacteroidetes, Actinobacteria, and Proteobacteria.

Sequence blasting showed that most RSVs of the CH core microbiome were similar to sequences that are already known from Antarctic environments. For example, cyanobacterial RSVs that were assigned to the genus *Chamaesiphon* were highly similar to those found in microbial mats of Lake Hoare ([@B37]; GenBank: KU230337.1, 99.63% similarity), in CHs from the Lower Wright Glacier ([@B91]; GenBank: KT424939.1 99.26% similarity) and in dark soils of a glacier forefield at the Larsemann Hills ([@B13]; GenBank: JX172501.1, 99.26% similarity). Further, RSVs affiliated with the cyanobacterial genus *Tychonema* were also found at the nearby Sør Rondane Mountains (GenBank: HM101190.1, 100% similarity) and in microbial mats of Lake Fryxell (GenBank: AY151751.1, similarity: 100%). Also RSVs assigned to the genus *Leptolyngbya* were highly similar to those retrieved from CH of the Diamond Glacier in Southern Victoria Land ([@B91]; GenBank: KT424929.1, similarity: 99.26%).

RSVs that belonged to Actinobacteria (genera Chryseoglobus, Cryobacterium, and Marisediminicola) were also found in the ice cover of Lake Vida ([@B60]; GenBank: DQ521497.1, similarity: 99.63%), in soils at Robert Island (GenBank: MT072015.1, similarity: 99.63%) and in sediments of Lake Bonney ([@B81]; GenBank: JX948474.1, similarity: 99.63%), respectively.

The CH core microbiome was also composed of the genera *Thermomonas* (Gammaproteobacteria), *Polaromonas* (Betaproteobacteria) and *Rubellimicrobium* (Alphaproteobacteria) that were similar to those found in shallow groundwaters at Cape Hallett ([@B2]; GenBank: FJ164057.1, similarity: 97.07%), surface waters of Lake Limnopolar at Byers Peninsula ([@B67]; GenBank: KF928875.1, similarity: 99.63%) and sediments of Lake Bonney ([@B81]; GenBank: JX948518.1, similarity: 98.16%), respectively. Further, core RSVs assigned to the genus *Hymenobacter* (Bacteroidetes) were found in sediments of the Onyx River within the Wright Valley ([@B99]; GenBank: EU869634.1, similarity: 97.06%). These observations indicate that members of the CH core microbiome of the Anuchin Glacier also prevail in other habitats spread across Antarctica and that they cope with a wide range of environmental conditions.

Despite the lack of Archaea in 2 CHs, four RSVs passed our core microbiome criteria. These sequences belonged to unknown genera of the families Methanomicrobiales, Thermoplasmatales and to Methanocellales (*Rice_Cluster_I*). Blast results revealed only distant relatives within Antarctica which were present in Lake Fryxell ([@B43]; GenBank: AY299382.1, similarity: 95.09%), in endolithic communities from the Miers Valley (GenBank: KC476273.1, similarity: 84.50%) and in marine hydrothermal sediments (GenBank: FM868021.1, similarity: 87.4%).

A direct comparison of CH core microbiomes is hampered for two reasons. First, data availability of Antarctic CHs core microbiomes is scarce. Second, differences in methodological approaches limit such comparisons. For example, compared to the use of operational taxonomic units (OTUs, similarity threshold 97%; e.g., [@B53]), the use of RSVs (e.g., this study) leads to an increased number of total sequences because RSVs are more exact than OTUs ([@B18]). Consequently, read counts are allocated to more amplicon sequence variants and therefore the probability for a sequence being detected at all sites is reduced. As an example, the CH core microbiomes of the Anuchin Glacier and from a site in the Sør Rondane mountains ([@B53]) broadly match at phylum level but differences at higher taxonomic resolution are evident. For instance, [@B53] found members of the family Sphingomonadaceae (Alphaproteobacteria) in their core microbiome but in the present study none of the 17 Sphingomonadaceae assigned RSVs passed our core microbiome criteria. This example highlights that the core microbiome is a matter of definition (e.g., prevalence levels, site vs. sample occurrence) but it also depends on underlying methodological approaches (e.g., primer selection, bioinformatic pipelines).

Inoculation Sources and Their Role for Cryoconite Hole Establishment {#S5.SS6}
--------------------------------------------------------------------

Samples from the glacier terminus shared characteristics for most biogeochemical features and therefore clustered together in the PCA ([Figure 7](#F7){ref-type="fig"}). The cluster formation was mainly attributed to the variables depth, diameter, total nitrogen, and total carbon. CHs from the medial moraine had a higher variability and cluster formation was not evident. Independent of this metadata analysis a principal coordinates analysis ([Figure 9](#F9){ref-type="fig"}) revealed a striking similar pattern: Microbial communities from the glacier terminus were similar to each other while samples within the medial moraine showed greater differences between single samples.

Differential abundance analysis (DESEQ2) showed that the key differences in microbial community composition between the medial moraine and the glacier terminus samples were mainly caused by 26 RSVs belonging to the phyla Actinobacteria (*n* = 3), Armatimonadetes (*n* = 1), Bacteroidetes (*n* = 7), Cyanobacteria (*n* = 2), Planctomycetes (*n* = 2), Proteobacteria (*n* = 10), and Saccharibacteria (*n* = 1). Some of those sequences were also found elsewhere in Antarctica. For example, *Spirosoma* sp. was found along in ice-free soils near the Belgium Princess Elisabeth station which is only ∼350 km away from the study site (GenBank: MN031263.1, MN031264.1).

CHs form independently from each other and therefore may resemble discrete ecosystems. However, CH communities from the MDVs were similar to those from the surrounding soils ([@B22]). Contradictory, another study from the same region concluded that the CH composition did not mirror biota that was found in the surrounding (Porazinska et al., 2004). Also, CHs in close proximity tend to be more similar compared to further distant ones ([@B24]) and hence clustered according to their location, suggesting local inoculum sources and environmental conditions ([@B53]) which is also valid for other extreme Antarctic environments such as supraglacial ponds or soils ([@B90]; [@B49]).

Potential microbial source inocula at the Anuchin Glacier are numerous and varied, including those originating from surrounding ice and soils. Also, differences in mineral diversity between the medial moraine and the glacier terminus may be considered as an indicator for separate local inoculum sources. Further, re-surfacing wind-blown microbial mats from Lake Untersee may re-colonize CHs at the Anuchin glacier and consequently return to the lake by melt processes ([@B93]). Further, similarities between genera that were found at "nearby" Sør Rondane mountains ([@B65]; [@B53]) and more distant Antarctic sites (e.g., [@B1]; [@B51]) indicate long-range aeolian biotic sources that reach Lake Untersee Oasis.

The dynamics of bacterial and archaeal communities presented in this study are most likely controlled by a combination of environmental factors. One of these drivers for microbial evolution can be identified by viruses which play a key role in the microbial loop ([@B5]). As reported for Arctic CHs, they increase bacterial mortality by lysis and therefore promote nutrient re-utilization ([@B15]). Also, transplantation experiments have shown that viruses from CHs also infect microbial communities of an adjacent proglacial lake ([@B7]). This suggests that the impact of a potential CH viriome is not limited to the supraglacial zone of the Anuchin Glacier but likely controls microbial communities within adjacent Lake Untersee. However, despite the evidence of phage infections within the water column of Lake Untersee ([@B28]), neither the genetic viral diversity nor their sources and interactions are presently known.

Conclusion {#S6}
==========

CHs at the Anuchin Glacier are considered as important biotic inoculum sources for adjacent Lake Untersee ecosystem ([@B93]). Here, we further identified differences in abiotic and biotic characteristics between CHs occurring along the medial moraine and the glacier terminus and defined the bacterial and archaeal core microbiome from this habitat.

Based on the mineral diversity distribution across sites, we accept the initial hypothesis that minerogenic composition differed between the medial moraine and the glacier terminus. These differences also indicate distinctive biotic inoculum sources (e.g., biota attached to windblown dust from within the oasis vs. sediments from Otradnaja Nunatak outside the oasis).

Our observations partially support the second hypothesis that community composition, OM contents and BCP rates are mirrored by the depth of the cryoconite layer. Depth was the most important variable that explained differences in the community composition. Also, both OM fractions (labile and stable) were significantly different between shallow CHs along the medial moraine and deeper ones that occurred at the glacier terminus. However, BCP insignificantly trended toward higher rates in shallow CHs and hence did not fully underpin our initial hypothesis. Further, the reported BCP rates represent the lowest records known from Antarctic CHs.

We used temperature loggers as proxies for *in situ* cryoconite temperatures. Despite similar reflectivity of cryoconite and the loggers, thermal inertia of the loggers likely underestimated the maximum temperatures within the ice. However, a relative comparison between the sites is valid. We demonstrated that temperature dynamics differed between dark colored ice that was interspersed with particulates, ice that appeared macroscopically free of particles and glacial ice that was embedded in the ice cover of Lake Untersee, respectively. Further, differences in CH depth distribution could be explained by a combination of optical properties of the overlaying ice and the temperature profiles which lead to distinct environmental conditions across the glacier.

We identified bacteria that are commonly found in CHs. However, this is the first study that identified members of the archaeal classes Halobacteria and Thermoplasmata in Antarctic CHs and to our knowledge the percentage of CHs that harbored archaea was higher than reported elsewhere. The role of archaea in CHs at the Anuchin Glacier are poorly studied and hence should be subject of future studies in context with Lake Untersee Oasis.
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